J Clin Invest. 2016;126(12):4516-4526. https://doi.org/10.1172/JCI88170. Neuronal oscillations at beta frequencies (20-50 Hz) in the cortico-basal ganglia circuits have long been the leading theory for bradykinesia, the slow movements that are cardinal symptoms in Parkinson's disease (PD). The beta oscillation theory helped to drive a frequency-based design in the development of deep brain stimulation therapy for PD. However, in contrast to this theory, here we have found that bradykinesia can be completely dissociated from beta oscillations in rodent models. Instead, we observed that bradykinesia is causatively regulated by the burst-firing pattern of the subthalamic nucleus (STN) in a feed-forward, or efferent-only, mechanism. Furthermore, STN burst-firing and beta oscillations are two independent mechanisms that are regulated by different NMDA receptors in STN. Our results shift the understanding of bradykinesia pathophysiology from an interactive oscillatory theory toward a feed-forward mechanism that is coded by firing patterns. This distinct mechanism may improve understanding of the fundamental concepts of motor control and enable more selective targeting of bradykinesia-specific mechanisms to improve PD therapy.
Introduction
A cardinal feature of Parkinson's disease (PD) is slow movements, known as bradykinesia. The neuronal activities related to bradykinesia are two electrophysiological landmarks in PD: oscillations, the pathological augmentation of cerebral field activities in beta frequencies Hz) between cortex and subthalamic nucleus (STN) (1) (2) (3) (4) (5) (6) (7) (8) (9) , versus codes, the excessive burst-firing patterns in STN (10) (11) (12) (13) . The leading hypothesis has long been that beta oscillations underlie bradykinesia, supported by the fact that beta power correlates with bradykinesia severity (6) (7) (8) (9) and injecting beta electric activities into cortex (14, 15) and STN (13, 16) worsens motor performances. The oscillatory theory has deeply impacted PD therapy development and has served as important conceptual basis for deep brain stimulation (DBS) (16) (17) (18) .
However, we recently found that excessive STN bursts, the abnormal codes in PD, can also lead to bradykinesia (10, 11) . The generation of STN bursts requires T-type calcium channels (CaTs), which are the intrinsic ion channels in STN serving as burst initiator (19) . The cortex regulates STN bursts via NMDAergic cortico-subthalamic transmission (12) , which also generates beta oscillations (12) . The new understandings of the online modulatory mechanism of both STN bursts and beta oscillations open the window to approaching the fundamental question, what is the mechanism directly responsible for bradykinesia: the frequencydependent oscillations or STN bursting codes? We therefore applied online modulations by selectively manipulating STN bursts and beta oscillations in 6-hydroxydopamine (6-OHDA) hemiparkinsonian rat models (10) (11) (12) (13) 20) and investigated their effects on bradykinesia (Figure 1, Supplemental Figure 1 , and Supplemental Video 1; supplemental material available online with this article; doi:10.1172/JCI88170DS1).
Results
Modulating intrinsic burst-firing properties of STN dissociates beta oscillations from bradykinesia. Beta oscillations and STN bursts, the two bradykinesia-generating candidates, either can work synchronously in a cascade, or one of them is an epiphenomenon. We first manipulated STN bursts while observing beta oscillations and bradykinesia. Taking advantage of our previous studies (10, 11) , we suppressed or facilitated STN bursts by manipulating CaTs. Applying CaT blockers (NiCl 2 and mibefradil) into STN suppressed STN bursts and also remedied bradykinesia in 6-OHDA hemiparkinsonian rats (Figure 2 Instead, HC further suppressed regional beta power in STN (Figure 3G ), suggesting that HC augments automaticity of individual Neuronal oscillations at beta frequencies in the cortico-basal ganglia circuits have long been the leading theory for bradykinesia, the slow movements that are cardinal symptoms in Parkinson's disease (PD). The beta oscillation theory helped to drive a frequency-based design in the development of deep brain stimulation therapy for PD. However, in contrast to this theory, here we have found that bradykinesia can be completely dissociated from beta oscillations in rodent models. Instead, we observed that bradykinesia is causatively regulated by the burst-firing pattern of the subthalamic nucleus (STN) in a feedforward, or efferent-only, mechanism. Furthermore, STN burst-firing and beta oscillations are two independent mechanisms that are regulated by different NMDA receptors in STN. Our results shift the understanding of bradykinesia pathophysiology from an interactive oscillatory theory toward a feed-forward mechanism that is coded by firing patterns. This distinct mechanism may improve understanding of the fundamental concepts of motor control and enable more selective targeting of bradykinesia-specific mechanisms to improve PD therapy.
Neuronal firing patterns outweigh circuitry oscillations in parkinsonian motor control Rats received surgical placements of drug infusion cannula coupled with a stimulating electrode, and recording electrodes in STN and cortex. Implanted rats received part or all of the following evaluations, including locomotor behaviors (open-field free movements and rotarod forced movements), single-unit recordings, and LFPs, before and after pharmacological and/or electrical manipulations. inj., injection; Str, striatum; GP, globus pallidus; SNc, substantia nigra pars compacta. (B and C) Locomotor behaviors. 6-OHDA rats developed motor deficits, especially slow movements (bradykinesia), in both (B) free-moving and (C) forced-moving paradigms (n = 11 in both paradigms). (D) STN firing patterns. 6-OHDA rats developed excessive burst firings in STN, while the intra-burst profiles remained unchanged (n =10). (E-G) Oscillatory profiles. (E and F) In situ synchronization of oscillatory activities presented as LFPs. STN and cortical power in beta frequencies were pathologically increased in both resting and moving conditions in 6-OHDA rats (n = 11). (G) Long-range cortico-subthalamic oscillations presented by time-coherence plot. 6-OHDA rats developed robust oscillations in beta frequencies (n = 11). Statistical analyses were performed using a nonparametric Wilcoxon signed-rank test. Data are presented as mean ± SEM; **P < 0.01. jci.org Volume 126 Number 12 December 2016
Bursting codes and beta oscillations are mediated by different NMDA receptor subtypes in STN. We then examined whether beta oscillations are the upstream regulator of STN bursts in the bradykinesia-generating cascade. Beta oscillations depend on NMDAergic cortico-subthalamic transmission (12); we thus selectively inhibited NMDA receptor (NMDAR) containing STN neurons, and therefore weakens synchronization between nearby neurons and suppresses beta power. These results provided direct evidence that STN bursts, not beta oscillations, are the immediate mechanism of bradykinesia. STN bursts are either the downstream player in the bradykinesia-generating cascade or an isolated mechanism independent of beta oscillations. . These results demonstrated that bursting codes and beta oscillations are two parallel mechanisms regulated by different NMDARs in STN. In striking contrast to the oscillatory the GluN2A subunit, which has the fastest kinetics in the beta range (21) . Subthalamic application of CPP, a GluN2A antagonist, markedly suppressed oscillatory profiles in 6-OHDA rats but had no effect on either bradykinesia or STN bursts ( Figure 4 , A-D, and Supplemental Figure 3 , A-D). The results directly showed that beta oscillations are not involved in the genesis of STN bursts. Therefore, beta oscillations are not the upstream regulator in the bradykinesia-generating cascade. hypothesis, beta oscillations are not even involved in the bradykinesia-generating cascade and STN bursts play an independent role in bradykinesia. Bradykinesia is regulated by STN bursts via a feed-forward mechanism. We next investigated the mechanisms by which STN bursts could lead to bradykinesia. Beyond beta oscillations, STN bursts may still involve other forms of frequency-dependent mechanisms. Without the phase synchronicity of nearby neurons detected as beta oscillations, individual STN neurons may still require regular NMDAergic inputs to generate meaningful bursts and thus bradykinesia. To evaluate whether transsynaptic regularity modulates bradykinesia, we optogenetically activated cortico-subthalamic axonal terminals by illuminating STN in Thy1-ChR2 transgenic mice (12, 13) ( Figure 5A ) with either fixed-frequency (10 Hz) stimulation or frequency-independent shuffles ( Figure 5B ). The two stimulation protocols were of the same stimulation loads (10 pulses/s) and generated robust and similar motor deficits in normal mice ( Figure 5 , C-I, Supplemental Figure 5 , and Supplemental Video 4). The results indicated that motor inhibition is not only dissociated from low-frequency oscillations of grouped neuronal activities, but also independent of the regularity of action potentials transmitted in the corticosubthalamic axons.
The timing of shuffled illumination was completely artificial and unpredictable, and therefore minimized the opportunity for the circuitry to adapt from the feedback interaction. Our results strongly suggested that once STN bursts are generated, the circuitry passes this information via a feed-forward mechanism to the downstream nuclei and no longer requires continuous NMDAergic monitoring from cortex to STN. To test this hypothesis, we gave HC to generate STN bursts while simultaneously blocking NMDAergic cortico-subthalamic transmission (Figure Figure 7 ). Once more, animal behaviors in both normal and 6-OHDA rats only aligned with STN firing patterns. Oscillatory profiles either remained unchanged or were contrary to the profiles that would be predicted by the current oscillatory theory (Supplemental Figures 6 and 7) . These results clearly indicated that once STN bursts are generated, bradykinesia no longer requires ongoing cortical regulation, regardless of its synchronicity (Figures 2-4 ), regularity ( Figure 5 ), or continuity ( Figure 6 ). These characteris-6A). HC sufficiently induced STN bursts and bradykinesia in normal animals, but the bradykinesia-generating effect of HC could not be rescued by interrupting NMDAergic cortico-subthalamic transmission (Figure 6 , B-D, and Supplemental Figure  6A ). The same principles also apply to 6-OHDA rats, which had excessive STN bursts ( Figure 1D and Supplemental Figure 7A ) (10) (11) (12) . Blocking NMDAergic transmission in STN suppressed bursts and rescued bradykinesia. However, HC sufficiently restored STN bursts and eliminated the therapeutic effects of sion could provide better temporal precision and larger positive currents near the axon hillock and thus facilitate the time-locked STN responses (12) . This kinetic profile may also partly explain why the oscillations fall into beta frequencies, which are the frequency range of GluN2A kinetics (12, 21) . Bursting cells such as STN neurons and Purkinje cells (PCs) were shown to have their CaT currents initiated in dendrites (30, 31) . In theory, dendrites have less capacitance than soma and permit wider voltage fluctuations locally to unleash inactivated CaTs. Therefore, activation of GluN-2B/D NMDARs in dendrites may initiate CaT-dependent bursts in STN. Although the causal relationship remains to be established, our data suggest that receptor distributions may contribute to the dissociation between bursts and oscillations. Potential interactions between oscillation-based motor preparation and firing pattern-based motor execution in PD. Bradykinesia is characterized by slow movements beyond volitional control and therefore serves as a prototypical disease model of motor execution. Other than bradykinesia and STN bursts, the volitional motor controls, including motor decision or preparation, heavily modulate beta oscillations in PD (4, 7, 32) . This concept is supported by the observations in our free-moving paradigm, which revealed the typical shift of oscillatory frequencies ( Figure 2J and Figure 4H ) and the reduction of beta powers (Figure 2 , G and H, and Figure 4G ) when the rats decided to move, regardless of whether their motor performances changed due to CaT/NMDAR manipulations. STN has two parallel mechanisms, oscillations and firing patterns, to modulate movements. The interplay of the two mechanisms could explain how oscillation-based motor preparation tunes the firing pattern-based motor execution. Cortical oscillatory activities can be transmitted to STN via a GluN2A-mediated mechanism, which may oscillate the somatic membrane potentials in STN and disturb the precise timing of firing-pattern switches for motor execution. Motor preparation evidently desynchronizes cortical oscillatory activities (4, 7, 33, 34) , which may suppress the above-mentioned processes and result in better motor execution. Similar mechanisms are well documented in the thalamus, the homolog of STN in developmental biology (35) . Sleep induces thalamic oscillations and interferes with sensory information relays (36) (37) (38) . Based on the fact that STN receives first-order command directly from the cortex via cortico-subthalamic pathway, it may be one of the fastest and the key mechanisms to explain how volitional motor preparation talks to the automatic/involuntary motor execution, and deserves further investigation by preparation-triggered protocols other than the free-moving paradigms in this study. By revisiting the oscillatory theory with the results in this study, parkinsonian motor control may be divided into two steps: the feedback, interactive oscillations for volitional motor decisions and preparations; and fast-responsive, feed-forward neuronal codes for involuntary motor execution, which results in bradykinesia. We did not investigate the interactions between beta oscillations and motor decisions in this study. However, PD patients have significant problems in decision making (39, 40) , and this study provides the mechanism of beta oscillation that may help in further investigation of this issue.
The roles of neuronal codes versus oscillations in regulating normal motor behaviors. This study focused on the online circuitry mechanism of bradykinesia in PD. Notably, STN bursts and beta oscillations, which are pathologically augmented in PD, also exist tics reveal a delicate feed-forward role of STN bursts in bradykinesia, and are compatible with the fast-acting and quick-responsive nature of motor execution. They are also consistent with the race model of basal ganglia circuity in the STN-substantia nigra pars reticulata (SNr) axis (22) , which is immediately downstream from the STN. The interruption of planned actions in the STN/SNr axis has a critical gate of timing, and intervention beyond this time point fails to stop motor execution (22) . In contrast to the feed-forward mechanism shown in bradykinesia, beta oscillations have a feedback nature that requires continuous reciprocal interactions in the circuitry. Inhibition of GluN2A transmission at the cortico-subthalamic terminals in STN sufficiently disrupted beta power in the "upstream" cortex ( Figure  4C ). Consistently, HC suppressed beta power in STN locally and also remotely in the cortex (Figure 3, G and H) .
Taken together, our results show that STN bursts control bradykinesia via a feed-forward mechanism. Nevertheless, it should be noted that we focused on the fastest cortico-subthalamic "hyperdirect" pathway in this study. It is evident that the slower indirect pathway eventually gets involved and tunes the motor behaviors in the later steps (20) . It should also be noted that this study targeted bradykinesia, a cardinal involuntary movement in PD. Although not related to bradykinesia, beta oscillations seemed to reflect the volitional aspect of motor decision states (moving versus resting states; Figures 2 and 4) , regardless of the motor performances with or without NMDAR/CaT modulations (see Discussion).
Discussion
We discovered that bradykinesia is regulated by STN bursting codes in a feed-forward mechanism and can be completely dissociated from beta oscillations. STN bursts and beta oscillations are two parallel mechanisms controlled by different NMDARs in STN. In this study, we quantified bradykinesia (slow movements) by velocity measurement, which has been reliably used in other studies in the 6-OHDA model (20, (23) (24) (25) (26) . Nevertheless, there are other behavioral tests linked to bradykinesia and other motor deficits in PD (27, 28) , and these deserve further investigation.
Differential distributions of NMDARs and CaTs in STN and their potential impacts. The burst-generating cascade requires the collaboration between GluN2B/D NMDARs and CaTs in STN, while beta oscillations depend on GluN2A NMDARs. Consistent with the clear-cut dissociation in electrophysiology, we found differential distributions of NMDAR subtypes in the STN neurons of 6-OHDA rats (Supplemental Figure 8) . The oscillation-contributing GluN2A subunits were diffusely expressed in STN soma (Supplemental Figure 8 , A-C), while the burst-generating GluN2B/D subunits had punctal expression extended to STN neurites (Supplemental Figure 8 , D-I). Also, both GluN2B/D and CaTs (e.g., Ca V 3.3, the predominant CaT subtype in STN) (29) had the characteristic punctal pattern and distribution (Supplemental Figure 9 ), supporting their collaborative role in burst generation. It is interesting that NMDAR subtypes and CaTs are differentially segregated according to their burst-or oscillation-generating roles. Beta oscillations have been linked to the tightly time-locked STN firings in response to NMDAergic cortico-subthalamic transmission (12) . The fast kinetics of GluN2A NMDARs and their prominent somatic expresjci.org Volume 126 Number 12 December 2016
were entered into the study at ~5 weeks of age and weights greater than 20 g. The animals were housed in a vivarium with controlled 12-hour dark/light cycles. NMDAR and CaT modulators. We used NMDAR blockers with different subunit specificities. (D)-AP5 (2 mM, Tocris) is a non-selective NMDAR blocker. (R)-CPP (200 μM, Tocris) is a selective NMDAR antagonist targeting the GluN2A subunit. Ro 25-6891 (RO; 1 mM, Tocris) and PPDA (500 μM, Tocris) inhibit GluN2B/D subunit selectively. To inhibit CaTs, we selected NiCl 2 (6 mM, Sigma-Aldrich) and mibefradil (500 μM, Tocris). PPDA was dissolved in DMSO to 50 mM first and then diluted with saline to achieve a final concentration of 500 μM. All the other drugs were dissolved in artificial CSF (aCSF). The pH of all solutions was adjusted to 7.4.
Behavioral recordings and in vivo electrophysiology.
We used the open-field test to evaluate the free-moving locomotor behaviors in 6-OHDA and control rodents, and the rotarod test for forced-moving behaviors (see Supplemental Methods for detailed paradigms). In valid 6-OHDA or normal control rats, we implanted microwire deep electrodes for single-unit and local field potential (LFP) recordings, as well as applying HCs. Epidural screw electrodes were also implanted for cortical LFPs. An STN cannula was inserted ipsilateral to 6-OHDA lesioning for real-time NMDAR or CaT modulations (see Supplemental Methods for all surgical procedures). We performed simultaneous behavioral and electrophysiological recordings, before and after online electric and/or pharmacological manipulations. Single-unit firings and LFPs were prefiltered and analyzed separately. For details, see Supplemental Methods.
Optic stimulation and simultaneous behavioral recordings. We activated the cortico-subthalamic axons optogenetically by implanting an optic fiber unilaterally into STN in Thy1-ChR2 mice ( Figure 5A) . We applied two different protocols: frequency-dependent (10 Hz) and frequency-independent (randomized) illumination ( Figure 5B ). Free-moving behaviors were accessed under baseline, light-off, and light-on states, with one of the stimulation protocols applied first by random process. For details, see Supplemental Methods.
Analysis of single-unit recordings and LFPs. Signals recorded for single-unit settings were post-processed with spike-sorting software (SciWorks 8.0, DataWave Technologies) and quality-controlled algorithm (12) . Burst patterns were detected in each qualified single unit as described previously (10) (11) (12) . The LFP data were post-processed with MATLAB 7.4 (MathWorks). Regional power spectrum represented in situ synchronizations, while coherence analysis referred to longranged synchronization. For details, see Supplemental Methods.
Immunohistochemistry. Three-month-old adult C57BL/6J mice and 4-month-old Wistar rats with or without 6-OHDA lesioning were used for immunohistochemistry study. Mice and rats were anesthetized with isoflurane and then sacrificed by an overdose of urethane (2 g/kg i.p., Sigma-Aldrich) and transcardially perfused with 4% paraformaldehyde in PBS. The brain was then removed and immersed in the 4% paraformaldehyde overnight and moved to PBS for 3 days. The brain was sliced coronally at the thickness of 30 μm by vibrotome. The sections were washed with PBS, followed by the suppression in 10% normal donkey serum in 0.1% Triton. The sections were subsequently incubated with respective primary antibodies overnight at 4°C and then secondary fluorescent antibodies (all from Invitrogen). Primary antibodies included GluN2A (Neuromab, Cat. No. 75-288), GluN2B (Neuromab, 75-097), GluN2D (Bioss, Bs-1072R), MAP2 (Abcam, in normal motor circuitry. Physiological amounts of STN bursts and beta oscillations are both present in normal conditions (12, 13) . Reduction of cortical oscillatory activities in beta frequencies (beta desynchronization) is also observed in normal motor preparations (33, 34, (41) (42) (43) . Our study showed that the feed-forward, burst-coded mechanism also regulated inhibitory motor execution in rodents with intact basal ganglia circuits (Figures 3, 5 , and 6, and Supplemental Figure 6 ) and is independent of oscillatory profiles. Naive rats also had cortical beta desynchronization in moving scenarios ( Figure 3H ), regardless of whether the motor performances were being modulated by HC. The patterns and distributions of NMDARs and CaTs of STN in naive rodents were also similar to those in 6-OHDA rat models (Supplemental Figures 10 and 11 ). Beyond PD pathophysiology, these results may also apply to physiological states and improve our understandings of the fundamental principles of motor control physiology. Feedback circuitry oscillations may contribute to the volitional aspects of motor commands, while the feed-forward, firing pattern-coded neurotransmissions regulate motor execution (schematic summary, Supplemental Figure 12 .
Therapeutic potential based on the new mechanism of bradykinesia. Our results shows that bradykinesia requires the collaboration between GluN2B/D NMDARs and CaTs in STN. Amantadine (44) and zonisamide (45), a weak NMDAR and a CaT blocker, respectively, already show modest clinical benefits in PD patients. However, potent and nonspecific NMDAR or CaT blockers are not ideal therapeutic options due to their cognitive side effects. In contrast, GluN2D (46) and Ca V 3.3 (29) have low expression levels in the neocortex but are enriched in PD STN (Supplemental Figure  8 and 9 ). Regardless of the changes in dopaminergic system and direct-indirect pathways (20, 47) , targeting of the neuron-modulatory consequences via GluN2D and Ca V 3.3 may provide better therapeutic options. The standard dopaminergic therapy in PD is notorious for its motor complications (48) . In contrast, NMDAR and CaT blockers did not induce the paradoxical rotations and head tilts (Figures 2 and 4 ) typically provoked by dopaminergic agents (12) . Amantadine is the best-known anti-dyskinetic therapy in PD (44) . In fact, intervention in the cortico-subthalamic pathway is the key mechanism of DBS (12, 13) , and the therapeutic effect of DBS is better than the traditional therapy in terms of motor complications (49) . Moreover, systemic dopaminergic therapy contributes to major cognitive and impulse control problems in PD (40, 48) . Therefore, GluN2D and Ca V 3.3 could be new bradykinesia-specific targets for PD motor therapy, and may be superior to the standard dopaminergic therapy in terms of its motor and cognitive complications.
Methods
Animals. Male adult Wistar rats were entered into the study at ~8 weeks of age and 250-350 g. 6-OHDA-lesioned (Sigma-Aldrich) hemiparkinsonian rats were used in all the PD experiments in this study (Supplemental Figure 1 ; see also Supplemental Methods).
For optogenetics experiments, we used male adult Thy1-ChR2-EYFP line 18 transgenic mice (catalog 007612; The Jackson Laboratory), which express channelrhodopsin-2 in cortical neuron layer V (13) and have been validated as an ideal animal model for selective stimulation of cortico-subthalamic axons (12, 13) . Mice and human subjects. MKP and WSL designed the optogenetic experiments in mice and analyzed the results with JCP and CYC. MKP and JYL designed MATLAB codes. CCK led the team and coordinated the study. MKP and CCK interpreted the results and wrote the article with input and comments from the other authors.
